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INTRODUCTION 

Hydrologic t e s t s  were made i n  the  explos ive ly  f r a c t u r e d  F e l i x  No. 2 coal  seam 
on p a r t  of  t h e  Lawrence Livermore Laboratory i n - s i t u  c o a l  g a s i f i c a t i o n  experiment 
a t  the  Hoe Creek s i t e  24 km SW o f  G i l l e t t e ,  Wy. (1) The purposes were t o  eva lua te  
w e l l s  and regions t o  be g a s i f i e d  and to  ga in  informat ion  f o r  improvement o f  explo- 
s i v e  e f f e c t s  p r e d i c t i o n s .  

In t h i s  paper r e l a t e d  p r i o r  work i s  summarized and prel iminary i n t e r p r e t a t i o n s  
of  t h e  pos t - f rac tur ing  hydro logica l  tests a r e  given.  

REVIEW OF PRIOR FIELD WORK 

Hydrogeology (2 ,3)  

The subbituminous F e l i x  c o a l  occurs  w i t h i n  t h e  Eocene Wasatch Formation and 
a t  the  experimental  s i t e  c o n s i s t s  of two near ly  h o r i z o n t a l  seams, F e l i x  No. 1 and 
F e l i x  No. 2 i n  descending order .  They a r e  of n e a r l y  c o n s t a n t  t h i c k n e s s ,  3 m and 
7.6 m r e s p e c t i v e l y ,  and s e p a r a t e d  by approximately 5 m o f  s i l t s t o n e - c l a y s t o n e  u n i t .  
The Fe l ix  No. 2 is  u n d e r l a i n  by at l e a s t  3 m of a c lays tone-sha le  u n i t .  A t y p i c a l  
l i t h o l o g i c  sequence of near-surface strata i s  shown i n  F ig .  1. 

The water t a b l e  i s  approximately 23  m above t h e  t o p  of  t h e  F e l i x  No. 2 c o a l  
which can be c h a r a c t e r i z e d  as a leaky a n i s o t r o p i c  a q u i f e r .  Its average h o r i z o n t a l  
f r a c t u r e  permeabi l i ty  i s  0.3 darcy.  Its a x i s  of  maximum permeabi l i ty  (0.4 darcy) 
t rends  N59'E corresponding approximately t o  t h e  average bear ing,  N70°E, of the most 
prominent s e t  of v e r t i c a l  f r a c t u r e s  ( f a c e  c l e a t ) .  Table  1 l ists  these  and o ther  
results f o r  t h e  c o a l  and a s s o c i a t e d  s t r a t a .  Surface l o c a t i o n s  of test w e l l s  are 
shown i n  Fig.  2 .  

Explosive F r a c t u r i n g  and Permeabi l i ty  (4) 

Two charges,  each of 340 k g  of explos ive ,  were f i r e d  s imultaneously on 
Nov. 5 ,  1975, i n  t h e  bottom 1 .5  m of t h e  c o a l  (Wells HE and INJ;** Fig. 3) .  The 
hor izonta l  s e p a r a t i o n  was 7 m. 

A t  t h i s  t i m e ,  p r e d i c t e d  p a t t e r n  of permeabi l i ty  enhancement i n  t h e  h o r i z o n t a l  
plane of t h e  charges showed a j o i n e d  reg ion  of 100 d a r c i e s  o r  g r e a t e r  a t  the  charge 
loca t ions  and a d e c r e a s e  of permeabi l i ty  with d i s t a n c e  o u t  t o  t h e  n a t i v e  coa l  
(0.3 darcy)  at approximately 13 m. 
recognized inc luding  compaction at a d i s t a n c e  around each charge and decreases  i n  
permeabi l i ty  due t o  genera t ion  o f  f i n e l y  s ized  p a r t i c l e s .  

Other p o s s i b l e  e f f e c t s  combinations were 

* 
This work was uerformed under t h e  auspices  of t h e  U.S. Energy and Research 

Development Admin. Contract  W-7405-Eng-48. ** 
Later redes igna ted  1-0. 
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Table 1. Hydraul ic  c h a r a c t e r i s t i c s a o f  F e l i x  c o a l  and a s s o c i a t e d  s t r a t a ,  
Hoe Creek si te,  pre-shot .  

Hor i z o n t  a1 V e r t i c a l  
permeabi l i ty  C o e f f i c i e n t  permeabi l i ty  

Stratum darcy  of s t o r a g e  darcy  

- 2 x 
b 

F e l i x  No. 1 0.47 t o  1.42' 

S t r a t a  between 0.1ZC 2.24 X 1 0  d 0.022 -lid 

F e l i x  No. 1 
and No. 2 

F e l i x  No. 2 0.41e 1.18 x 
0. 23f 

S t r a t a  below 
F e l i x  No. 2 - <O. 0015g 

aDashes i n d i c a t e  t h a t  no measurement w a s  made. 

bA range of v a l u e s  i s  g iven  f o r  two d i f f e r e n t - t y p e  s ingle-wel l  tests i n  t h e  

'Results from s l u g - i n j e c t i o n  tests. 

dValues a r e  averages f o r  t h e  t o t a l  th ickness  of  s t r a t a  between F e l i x  No. 1 

eValue along t h e  a x i s  of maximum hydraul ic  conduct iv i ty ,  which t r e n d s  N 59" E.  

fValue along t h e  a x i s  of minimum hydraul ic  conduct iv i ty ,  which t r e n d s  N 31° W. 

gRefers t o  average v a l u e s  f o r  f i r s t  2 . 1  m of s t r a t a  below bottom of F e l i x  

same w e l l .  

and F e l i x  No. 2 c o a l s .  

No. 2 coa l .  

I n i t i a l  Pos t  F r a c t u r i n g  Hydrologic T e s t s  (4,8) 

W e  t r i e d  pulse  tests and s u s t a i n e d  cons tan t - ra te  pumping (drawdown) tests t o  
measure permeabi l i ty  i n  t h e  heterogeneous explos ive- f rac tured  reg ion .  Both showed 
average enhanced p e r m e a b i l i t i e s  of 2-4 darcy f o r  assumed r a d i a l l y  symmetric reg ions .  
D e f i n i t i o n  w a s  l i m i t e d  by number of observa t ion  w e l l s  and l o c a t i o n s .  
pumping tests w a s  by drawdown d i f f e r e n c e  between w e l l s  a f t e r  t h e  r a t e  of change had 
slowed (quasi-s teady-state) .  
a f a c t o r  of 2 f o r  most observa t ion  w e l l s .  R e s u l t s  are shown i n  Table  2. 

Analys is  of 

A repea ted  pumping tes t  gave h igher  r e s u l t s  b u t  w i t h i n  

Observat ion of unchanging hydraul ic  head i n  t h e  F e l i x  No. 1 c o a l  (Well 12-OW) 
dur ing  t e s t i n g  i n d i c a t e d  t h a t  t h e r e  had been no major change i n  v e r t i c a l  l eakage  
i n t o  the F e l i x  No.  2 c o a l  a t t r i b u t a b l e  t o  the e x p l o s i v e  f r a c t u r i n g .  

These r e s u l t s  a long  w i t h  a i r - f low tests and new computer c a l c u l a t i o n s  of  
f r a c t u r i n g  were t h e  b a s e  f o r  f i e l d  modi f ica t ions  f o r  a g a s i f i c a t i o n  test. 
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Table  2. R e s u l t s  of  i n i t i a l  pos t - f rac tur ing  permeabi l i ty  tests. 

Pumped Observed Permeabi l i ty  

Analys is  w a s  by 
drawdown d i f f e r e n c e  a t  a f i x e d  l a t e  t i m e  except  as noted .  

w e l l  w e l l  darcy 

9-ow 3-OW 3.0 
8-ow 2.2 

9-OW (2 min p u l s e )  3-OW 2.3 
8-ow 2.3 

I N J  1-1 1 . 5  
(NOW 3-OW 1.7 

9-ow 3.3 
HE 1.6 
8-ow 1.7 
4-PW 0.7 

I N J  1-2 3.3 
(DEC) 3-OW 4.2 

HE 2.7 
8-ow 3 . 4  

Modified Well P a t t e r n ,  Completions and Ins t ruments  (5 ,6 ,7)  

In p r e p a r a t i o n  f o r  g a s i f i c a t i o n  a long  t h e  INJ-HE axis, a p a t t e r n  o f  dewater ing 
w e l l s ,  F igure  4 shows t h e  
loca t ions  as completed. F igure  5 shows t h e  s u r f a c e  l o c a t i o n s  of 5 environmental  
monitoring w e l l s  p laced  a t  2 d i s t a n c e s ,  approximately 15 m and 30 m out. Well com- 
p le t ions  were such  t h a t  t h e  i n j e c t i o n  and dewater ing w e l l s  could be approximated a s  
f u l l y  p e n e t r a t i n g  t h e  F e l i x  No. 2 coa l  and w e l l  P-1 as p a r t i a l l y  p e n e t r a t i n g ,  open 
i n  t h e  bottom 1.5 m of t h e  coa l .  
production and environmental  wells were cleaned and developed by methods similar t o  
those used f o r  t h e  pre-shot  hydrology w e l l s .  (2) Bubbler tubes ended near  t h e  base 
of t h e  coa l .  
t ransducers  f o r  h y d r a u l i c  head measurement and t ransmiss ion .  A l l  a v a i l a b l e  w e l l s  
and instrument  h o l e s  w e r e  provided bubblers  wi th  t h e  except ion  of t h e  f i v e  environ- 
mental w e l l s  i n  which we used w e l l  sounders  manually. 
were arranged t o  provide  f o r  hydraul ic  t e s t i n g  as w e l l  a s  g a s i f i c a t i o n  use .  Data 
recording equipment c o n s i s t e d  of s t r i p  c h a r t  r e c o r d e r s  and a d a t a  a c q u i s i t i o n  com- 
puter  with magnet ic  and p r i n t e d  paper-tape outputs ,  a l l  i n  p a r a l l e l .  

p roduct ion  w e l l *  and instrument  wells w a s  provided.  

Typical  w e l l s  a r e  shown i n  Fig.  6 .  The dewater ing,  

Bubblers  were equipped wi th  metered n i t r o g e n  gas  s u p p l i e s  and pressure  

Pumps, p ip ing  and instruments  

P o s t  Explosion Core Sampling (7) 

In order  t o  o b t a i n  more information on f r a c t u r i n g ,  four  c o r e s  had been taken 
completely through t h e  F e l i x  No. 2 c o a l  seam at l o c a t i o n s  1.8 m t o  2.7 m from s h o t  
sites. 
i n  t h e  top of t h e  c o a l ,  fol lowed by a less f r a c t u r e d  zone, and then by a heavi ly  

A l l  were found t o  be s i m i l a r  i n  appearance,  wi th  moderate t o  heavy f r a c t u r i n g  

* 
Designated PROD-1 i n i t i a l l y  and changed t o  P-1 later.  
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f rac tured  zone i n  t h e  bottom 1.5 m t o  3 m. The c o r e  between t h e  e x p l o s i v e s  l o c a t i o n s  
showed t h e  most f r a c t u r i n g ,  t h e  c o r e  f a r t h e s t  away from e i t h e r  e x h i b i t e d  t h e  least 
f r a c t u r i n g .  

PRE-GASIFICATION HYDROLOGICAL TESTS (7)  

Summary of R e s u l t s  and Discussion 

During development w e  found an unacceptably low water flow rate i n t o  w e l l  P-1, 
0.006 !&/sec (0 .1  gpm). 
remedial work on P-1 and d r i l l i n g  of a d i a g n o s t i c  and p o t e n t i a l  replacement  w e l l ,  
P-2. 

We reviewed p o s s i b l e  causes  and made contingency p l a n s  f o r  

We suspected cement i n t r u s i o n  o r  completion i n  a low permeabi l i ty  reg ion .  

Considerat ion of t h e  f r a c t u r i n g  p a t t e r n  a s  shown by the core  samples and of  
flow behavior  i n  upper and lower por t ions  of t h e  F e l i x  No. 2 c o a l  dur ing  d r i l l i n g  
and earlier w e l l  tests before  and a f t e r  explos ive  f r a c t u r i n g  led  t o  t h e  i n t e r p r e t a -  
t i o n  t h a t  a l though f lows i n  t h e  n a t i v e  c o a l  were reasonably homogeneous v e r t i c a l l y ,  
post-explosion f low c o n d i t i o n s  w e r e  n o t  uniform. While c r a c k s  c r e a t e d  by t h e  
explosion may promote high f lows i n  t h e  upper reg ions ,  f i n e s  generated by t h e  
explosions tend t o  restrict o r  plug flow i n  t h e  lower reg ions .  

We enlarged P-1 t o  1 m diameter  i n  t h e  bottom 1.5 m of coa l  and found t h a t  it 
produced 0.06 R/sec ( 1  gprn), s t i l l  less than  d e s i r e d .  This  work requi red  removal 
of t h e  screen  and sump l i n e r .  We next  d r i l l e d  w e l l  P-2 i n  t h r e e  s t a g e s  of depth  i n  
the  F e l i x  No. 2 c o a l  f o r  f low measurements. The top h a l f  produced 0.4 &/sec  (7  gprn); 
the  next  q u a r t e r  produced 0.02 Illsec (0 .3  gpm), t h e  bottom ha l f  0.03 Il/sec. This  
indicated lower permeabi l i ty  i n  t h e  bottom p a r t  of t h e  c o a l  at least  i n  t h e  v i c i n i t y .  

We then  r e i n s t a l l e d  t h e  sump l i n e r  i n  P-1. While washing t h e  l i n e r  i n  p lace  
a path opened h y d r a u l i c a l l y .  T e s t  f low w a s  0.63 L/sec (10 gpm). A s h o r t  pumping 
test of P-1 drew t h e  water l e v e l s  i n  1-5 and P-1 w e l l  i n t o  t h e  c o a l ,  i n d i c a t i n g  a 
channel i n  t h e  l o w e r  h a l f  of t h e  c o a l  (Fig.  7)  a c r o s s  t h e  shot  r e g i o n  a t  HE. We 
could proceed with h y d r o l o g i c a l  tests of t h e  o v e r a l l  reg ion  and w e l l s .  

The s p e c i f i c  c a p a c i t y  of t h e  dewater ing w e l l s  ranged from 0.7 t o  7 gprn per  f t  
of drawdown. 
Table 3 .  

Wells DW-1 and DW-6 showed t h e  h i g h e s t  c a p a c i t i e s .  R e s u l t s  are i n  

Table  3. R e l a t i v e  performance of  de- 
water ing  w e l l s .  Graphical  i n t e r p r e t a t i o n s  of draw- 

down tests by pumping 1-0 and P-1 a t  S p e c i f i c  
constant  rates show two r e g i o n s  of enhanced 
permeabi l i ty ,  one about  each of t h e  explo- 
s ion c e n t e r s  out t o  3 m and a reg ion  of  
intermediate  enhancement on o u t  t o  t h e  
na t ive  c o a l  a t  15  m. 
obtained a r e :  14 darcy and 7 darcy  re- 
spec t ive ly  f o r  reg ions  a t  1-0 and P-1; 
and 1.5 darcy f o r  t h e  i n t e r m e d i a t e  
region. Figures  8 and 9 show t h e s e  
graphs. 

The p e r m e a b i l i t i e s  

Well 
No. 

DW-1 
DW-2 
DW-3 
DW-4 
DW-5 
DW-6 

0.71 
0.15 
0.07 
0.19 
0.07 
0.59 
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m e  apparent discontinuity shown in Fig. 9 ,  for the data within 10 ft, may 
be due to the channel opened in final work on P-1 and to its non-symmetrical 
location. 

m e  same method of analysis of drawdown tests of  dewatering wells gave lower 
results for the inner (core) regions and higher values for the intermediate region. 
This is apparently a result of nonuniformity of flow field about the dewatering 
wells. 

Late time drawdown data indicated some vertical leakage from the unit above 
the coal but again, approximately the same as pre-shot. 
ability values of 3 to 5 md were obtained. 

Estimated vertical perme- 

Short, simultaneous injection-withdrawal tests (2-well recirculation) were made 
to investigate the permeability in the 1-0 and HE regions. These tests were analyzed 
utilizing flow net techniques. 
and selected flow lines drawn perpendicular to the equipotentials. Permeabilities 
of different areas were calculated by the gradient method wherein the gradient was 
obtained from the equipotential surface and the flow was apportioned via the flow 
net construction. An areal or field permeability K is calculated from the equation 
K = Q/iA, where Q is the flow in a region, i is the hydraulic gradient in that 
region, and A is the vertical section of the region through which the flow passes. 
Figures 10 and 11 are flow nets drawn for pumping P-1 to 1-0 and DW-4 to DW-6. 

Drawdown equipotentials were plotted on a plan view 

Figure 12 is a composite prepared from results of flow net analyses and draw- 
down tests. The estimates of permeability for the inner core regions, 10 d at HE 
and 20 d at 1-0, and the near native zone, 0.5 d, between the explosion centers are 
from the flow nets. The flow net and drawdown results for the inner enhanced 
permeability regions are consistent. The dashed lines on Fig. 12 connect well pairs 
in which the closeness of movement of water level during drawdown testing indicate 
a fracture or flow channel between them. The P-1 to 1-0 test does not show the low 
permeability zone between explosion centers seen in the DW-4 to DW-6 test because 
of the symmetrical placement of the zone with respect to pumping from P-1 to 1-0. 

Analysis of the hydraulic response of the explosive-fractured coal is compli- 
cated by the strong radial variation of permeability and the presence of many 
relatively large sized well casings. In addition some of the fractures have become 
conduit-like in their ability to equalize pressure between certain observation well 
pairs or cause an uneven distribution of flow when one of the pair is a pumped well. 

Figure 13 shows an outline of the gasification path indicated by thermocouple 
data on a simplified version of the composite sketch. 
westerly veering path to avoid the intermediate near native zone of coal. 

The composite suggests a more 

Further evaluation and interpretation of the hydrological data are needed and 
a comparison with post burn core sample results when available. 

The critical importance of permeabilities and their distribution is that the 
in-situ flow paths and thus the reaction zone configuration are determined by them. 
A given permeability net tends to determine ultimate resource recovery efficiency. 
In view of the importance of the deduced permeability net, it is important to further 
develop field tests and analysis techniques. 
absolute or relative local permeabilities at several depths through a fractured 
seam are needed. 

Simple methods for measurement of the 
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Fig.  6. Typ ica l  w e 1 1  and instrument  complet ions.  Dimensions a r e  i n  meters .  
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Fig. 7. Water l e v e l  drawdowns by pumping wel l  P-1 a t  0.63 9./sec (10 gpm). 

Fig. 8. Drawdowns, by pumping 1-0 at 3 g p m ,  versus r a d i a l  distance from 1-O. 
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Fig.  9.  Drawdowns, by pumping P-1 a t  3.2 gpm, versus r a d i a l  dis tance from P-1 

N 

Fig. 10. Flow n e t .  
by pumping 15  gpm from P-1 i n t o  1-0. 

Eylydraulic head ( p o t e n t i a l )  contours and flow l i n e s  indicated 
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i -'. 0 DW-1 

Fig. 11. Flow n e t .  Hydraul ic  head ( p o t e n t i a l )  contours  and f low l i n e s  i n d i c a t e d  
by pumping 7 . 2  gpm from DW-4 i n t o  DW-6. 

4-PW P-2 I P - 1  
0 

DW-5 

0 1-5 ADW-4 

' DW-2 \./ 'io 1 O 

\ 

Fig.  12. H e u r i s t i c  composite of channels  o r  f r a c t u r e s  (dashed l i n e s ) ,  i n n e r  enhanced 
reg ions  and near  n a t i v e  zone between t h e  ejcplosion c e n t e r s .  
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Fig.  13. G a s i f i e d  r eg ion  o v e r l a i n  on hydrolo@;y composite. 
P-1 t o  1-0, o v e r r i d i n g  coal i n  f i n a l  s t a g e s .  

Burn  progressed from 
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